Data
M ycobacterium tuberculosis is the causative agent of tuberculosis (TB) in humans. Although TB is a global health problem with 2 billion people infected, most are in a latent state, controlling infection. The incidence of active TB is increased in patients with inflammatory conditions such as rheumatoid arthritis (RA) and psoriasis receiving treatment with TNF-a (TNF) inhibitors (1, 2) . Mice, monkeys, and zebrafish also exhibit impaired immunity during M. tuberculosis infection in the absence of TNF (3) (4) (5) . These observations support a central role for TNF in maintaining immunity to M. tuberculosis. However, these findings also represent a major challenge to anti-TNF therapy use for inflammatory diseases.
The key pathological feature that forms during the immune response to M. tuberculosis is a spherical collection of immune cells and bacteria termed a granuloma (6) ; the collection of granulomas successfully limiting bacteria growth defines a latent state of infection in the host. TNF plays an important role in regulating granuloma function, defined here as the ability of a granuloma to restrict bacterial growth (4, 5, (7) (8) (9) (10) . TNF, a pleiotropic cytokine produced by infected and activated macrophages and proinflammatory T cells (3, 11) , has been shown to enhance macrophage activation (12) , chemokine production by macrophages (13) , and recruitment of immune cells during M. tuberculosis infection (14) . TNF can also mediate cell death via inducing the caspase-mediated apoptotic pathway (15) . Neutralization of TNF can lead to uncontrolled growth of bacteria and reactivation of latent TB (4) .
Excellent therapies that are currently licensed as TNF inhibitors are of two types: anti-TNF mAbs (including infliximab, adalimumab, and certolizumab) or soluble TNF receptor fusion proteins (etanercept) (16) . These drugs have been reported to be equally and highly effective in treatment of some (but not all) inflammatory diseases such as RA and psoriatic arthritis (17, 18) . However, recent studies have shown the risk of TB reactivation posed by Ab-type drugs to be several-fold greater than for soluble TNF receptor-type drugs (19) (20) (21) . Several hypotheses based on differences in drug properties (reviewed in Refs. 16, [22] [23] [24] [25] [26] have been advanced to explain the observed differential risk of TB reactivation among anti-TNF therapies. However, no mechanisms have been definitively identified. For our study, we categorize these drug properties into four groups: 1) TNF binding properties (including affinity, binding/ unbinding kinetics, stoichiometry, and ability to bind membranebound TNF [mTNF]), 2) permeability (from blood vessels into lung tissue and penetration into the granuloma), 3) apoptotic and cytolytic activity, and 4) pharmacokinetic (PK) characteristics.
Information on these four drug properties is available for clinically used TNF inhibitors (12, 16, 27) . TNF binding kinetics for etanercept, infliximab and adalimumab have been measured (28, 29) , and each binds both mTNF and soluble TNF (sTNF). Up to three molecules of Ab-type drugs can bind each TNF molecule, but etanercept binds TNF with a binding ratio of 1:1 (30) . TNF binding properties can influence TNF concentration in granulomatous tissue and affect immunity to M. tuberculosis (26, 31) . A recent study has provided evidence of decreased permeability of soluble TNF receptors in mouse granulomas compared with anti-TNF Ab (25) . Infliximab and adalimumab, but not etanercept and certolizumab, induce apoptosis in TNF-expressing cells (27, (32) (33) (34) . This might be related to the ability of infliximab and adalimumab, as well as the inability of etanercept and certolizumab, to cross-link mTNF (27) . Finally, PK data, including blood concentration/time profiles, are available for etanercept, infliximab, and adalimumab as administered in RA and psoriasis patients (35) . It is not clear how these four drug properties, alone or in combination, contribute to observed differences in reactivation of TB induced by anti-TNF treatments, and laboratory experiments needed to explore this in vivo are currently not feasible.
We recently used a systems biology approach to track formation and maintenance of a TB granuloma in lung tissue in space and time (7, 8, 36) . Our multiscale computational model captures the dynamics of TNF/TNFR interactions that occur on second to minute time scales within the long-term cellular immune response to M. tuberculosis (8) . Our model also provides detailed information regarding the spatial and temporal dynamics of TNF during development of a granuloma in lung tissue. Such information is essential to allow investigation of mechanisms by which TNF inhibitors interfere with granuloma function and thus immunity to M. tuberculosis. For the work in this study, we incorporate TNF-neutralizing drugs and their relevant properties into our model, as indicated in Fig. 1 , to predict those mechanisms. We identify functional and biochemical characteristics underlying the higher likelihood of TB reactivation that occurs for some TNFneutralizing drugs. We also determine immune factors that are central to infection control in a granuloma in the presence of TNFneutralizing drugs.
Materials and Methods

Multiscale granuloma model
We recently developed a multiscale granuloma model that incorporates both cellular/tissue scale events (e.g., immune cell recruitment, movement, and interactions) leading to granuloma formation and TNF/TNFR-associated molecular scale interactions that control TNF-mediated cell responses (e.g., apoptosis and NF-kB activation) (8) . In this model, cellular and tissue scale dynamics are captured via a set of well-described interactions between immune cells and M. tuberculosis at the site of infection using stochastic simulations in the form of a two-dimensional agent-based model (ABM) (Fig. 1A) . Single-cell molecular scale processes that control TNF/ TNFR binding and trafficking for each individual cell, as shown in Fig. 1B , are captured by a set of nonlinear ordinary differential equations (ODEs). The two scales are linked via TNF-induced cell responses (i.e., apoptosis and NF-kB activation) and are modeled as Poisson processes with rate parameters computed as functions of molecular concentrations from the ODE model. In addition to sTNF, mTNF has also been shown to contribute in part to control of M. tuberculosis infection in mice (37, 38) . However, experimental data regarding molecular and cellular-level details of mTNF/ TNFR-mediated signaling and reverse signaling in M. tuberculosis immune responses (particularly in humans and nonhuman primates) are limited. Thus, at this time we only consider sTNF/TNFR-mediated signaling in the model. Details on rules, equations, and parameters of the model have been previously described (8) . Our baseline set of parameter values leads to stable control of infection (containment) in a granuloma (e.g., see Fig. 3B ).
Incorporation of TNF-neutralizing drugs (permeability, PK characteristics)
Using our model as a framework, we now study the impact that TNFneutralizing drugs have on the immune response to M. tuberculosis. We first simulated the base model in the absence of TNF inhibitors by using a baseline set of parameter values that leads to stable control of infection (containment) in a granuloma as described in Fallahi-Sichani et al. (8) . After 100 d, at which time a well-circumscribed granuloma with stable bacterial levels (,10 3 total bacteria) forms, the granuloma is exposed to a TNF-neutralizing drug. This drug enters the grid representing lung parenchyma via vascular sources and diffuses among microcompartments (Fig. 1C) . The flux of a drug from a blood vessel into the tissue is related to the vascular permeability coefficient of the drug (k c ) and the drug gradient across the vessel wall by:
where C p is the concentration of the drug in blood, [Drug] is the concentration of the drug in tissue that is a function of time and distance from the vessel (r), [Drug] r=0 is the concentration of the drug at the outside wall of the vessel, and D drug is the drug diffusion coefficient in tissue. Using this equation and rearranging it for discrete-space flux on the two-dimensional grid gives:
where C source = C i,j represents the drug concentration at the outside wall of the vascular source located at the microcompartment (i,j) and dx (=20 mm) is the lattice spacing through which diffusion occurs. Equation 2 implies that at very large vascular permeabilities (k c →'), C i,j tends to blood concentration of the drug (C p ). However, a zero permeability coefficient
}, which means that drug flux from blood vessel into tissue becomes 0. Drug diffusion among microcompartments on the grid with periodic boundary conditions occurs as described in Fallahi-Sichani et al. (8) . TNF-neutralizing drugs differ in their dosing regimens and pharmacokinetic properties, including route of administration (i.v. versus s.c.), drug half-lives in plasma, and the blood concentration peak/trough ratios. Etanercept and adalimumab are, for example, administered in frequent (weekly or biweekly) small s.c. doses that rapidly lead to smooth and uniform concentration/time profiles at steady-state (35) . This is consistent with assuming a constant blood concentration (C p = constant) for these drugs in our model. However, infliximab is dosed every 8 wk in relatively large i.v. boluses that result in wide fluctuations in blood concentration of the drug (27, 35) . To study the effect of these fluctuations on the function of a granuloma, we also simulate infliximab-mediated TNF neutralization in which blood concentration of infliximab follows a pharmacokinetic model (C p = f(t)) presented by St. Clair et al. (39) (Fig. 1D ).
Neutralization of TNF by TNF inhibitors
Once TNF inhibitors penetrate from blood into lung tissue, they bind TNF and thereby block TNF signaling and feedback mechanisms that control TNFinduced cellular responses within a granuloma. To analyze the effects of TNF-neutralizing drugs with various TNF binding properties, we define three hypothetical classes of TNF inhibitors that differ in their ability to bind mTNF and binding stoichiometry (Fig. 1E) . A class 1 TNF inhibitor is defined to bind sTNF, but not mTNF, at a binding ratio of 1:1; a class 2 TNF inhibitor binds both sTNF and mTNF at a binding ratio of 1:1; and a class 3 TNF inhibitor binds both sTNF and mTNF at a TNF/drug binding ratio of 1:3. These classes are defined based on TNF binding characteristics reported for human TNF-neutralizing drugs: etanercept is a class 2 drug; infliximab, adalimumab, and certolizumab are examples of class 3 drugs. Although there is no class 1 drug available in clinic, theoretically comparing a class 1 drug with a class 2 drug with the same TNF binding/unbinding kinetics enables us to predict the relative importance of drug binding to mTNF. The possibility of the higher binding ratio for a class 3 TNF inhibitor results from the fact that both sTNF and mTNF are trimeric in their mature bioactive form. A class 3 TNF inhibitor may have more than one binding site for TNF allowing formation of larger drug/TNF complexes. For simplicity, we do not model the formation of larger complexes. An sTNF molecule with either one, two, or three drug molecules bound is neutralized and not able to bind TNFR1 or TNFR2. This assumption is consistent with experimental data indicating that only trimeric TNF is biologically active and that both monomeric TNF and artificially prepared dimeric TNF do not efficiently trigger signaling in cells (40, 41) . TNF/drug interactions for different classes of TNF inhibitors are modeled based on mass action kinetics. The reactions and equations are listed in Table I . These equations are solved in combination with TNF/TNFR kinetic equations from the base model (see Ref. 8 for more details on coupling of ODEs with the ABM).
TNF inhibitors with apoptotic and cytolytic activities
Some TNF inhibitors are reported to induce apoptosis or complement-dependent cytotoxicity (CDC) in TNF-expressing cells. This results from drug binding to mTNF and cross-linking of mTNF (42, 43) . Based on descriptions presented above for the three classes of TNF inhibitors, only a class 3 TNF inhibitor has the potential to cross-link mTNF and mediate cell death.
We describe drug-induced cell death for each individual TNF-expressing cell (including infected, chronically infected, and activated macrophages and T cells) as a Poisson process with a probability determined within each time step (Dt), based on a Poisson rate parameter that is a function of the drug-induced death rate constant (k apopt ), the concentration of mTNF molecules that are bound to more than one drug molecule [mTNF/ (drug) 
This description for the drug-induced cell death is analogous to the approach we used to describe TNF-induced apoptosis, one of the processes that serves as a link between the single-cell/molecular scale TNF/TNFR kinetics and the cellular/tissue scale dynamics in the base model (8) . Drug-induced death events, apoptosis and CDC, occur with equal chances. The difference between the consequences of apoptosis and CDC is only significant if the target cell is an infected or a chronically infected macrophage. Cell lysis as a result of CDC leads to the release of intracellular bacteria to the environment similarly to death due to age or bursting of a chronically infected macrophage as described in Fallahi-Sichani et al. (8) . However, drug-induced apoptosis, similarly to TNF-and Fas ligandinduced apoptosis, kills a fraction of intracellular bacteria (15, 44, 45) (Fig.  1F ). M. tuberculosis may also cause caspase-independent cell death in infected macrophages or initiate bystander macrophage apoptosis in a TNF-independent manner (46, 47) ; it is not known how TNF inhibitors might affect these types of cell death, and thus these events are not included in the current model.
Parameter estimation
We estimated values of the base model parameters, including ABM parameters, single-cell molecular scale TNF/TNFR kinetic parameters as well as TNF response (NF-kB activation and apoptosis) parameters based on available experimental data or via uncertainty analysis as described in Fallahi-Sichani et al. (8) . TNF inhibitor-associated parameter values are estimated based on literature data on human TNF-neutralizing drugs and are listed in Table II . Blood concentrations of TNF inhibitors are consistent with average steady-state blood concentrations reported for human TNFneutralizing drugs (C p = constant) (35) . When pharmacokinetic fluctuations of the concentration of a drug in blood is of particular interest, we use C p = f(t), where f(t) is the blood concentration/time profile as reported in literature for the drug.
Sensitivity analysis
When computational models include parameters describing a large number of known biological processes, it is critical to understand the role that each of these parameters plays in determining output. Sensitivity analysis is a technique to identify critical parameters of a model and quantify how input uncertainty impacts model outputs. Latin hypercube sampling (LHS) is an algorithm that allows multiple parameters to be varied and sampled simultaneously in a computationally efficient manner (56) . We have previously used LHS sensitivity analysis as described in Fallai-Sichani et al. (8) to analyze the impact of base granuloma model parameter values on outputs, including bacterial and immune cell numbers, TNF concentration, granuloma size, and caseation. In this study, we use sensitivity analysis to investigate whether the significance of the base model parameters in the presence of TNF inhibitors in the tissue differs from their significance in the absence of TNF inhibitors. We use base model parameter ranges as specified in Fallahi-Sichani et al. (8) for sensitivity analysis. Results of sensitivity analysis will help us identify critical immune processes that affect granuloma function following anti-TNF treatments. The correlation of model outputs with each parameter is quantified via calculation of a partial rank correlation coefficient (PRCC). PRCC values vary between 21 (perfect negative correlation) and +1 (perfect positive correlation) and can be differentiated based on p values derived from the Student t test. LHS simulations sampled each parameter 250 times. Each sampled parameter set was run twice, and averages of the outputs were used to calculate PRCC values. The choice of the number of simulations is determined by the desired significance level for the PRCC (56, 57) . In this study, 250 runs imply that PRCC values above +0.24 or below 20.24 are significantly different from 0 (p , 0.001). In all of our studies, unless otherwise noted, we use bacterial levels within the granuloma as a readout for quantifying granuloma function. We first compare the impact on bacterial levels for three classes of TNF inhibitors we define based on TNF binding properties, including stoichiometry and ability to bind mTNF versus sTNF (Fig. 1E) . Our results indicate that binding to mTNF, in addition to sTNF, is critical to impairing granuloma function. This follows from a comparison of simulations showing total numbers of bacteria in a granuloma for class 1 drugs that only bind sTNF ( Fig. 2A ) with drugs of classes 2 and 3 that are able to bind both sTNF and mTNF (Fig. 2B, 2C ). The cell membrane provides a scaffold on which TNF at high concentrations is available for neutralization before it is released as a result of TNFa converting enzyme (TACE) activity and diluted in extracellular spaces (see Table I for reactions). Thus, binding to mTNF enhances the TNF-neutralizing power of drugs. We also test the impact of affinity and TNF binding kinetics on granuloma function. For class 1 and 2 drugs, increasing affinity for TNF (by increasing TNF/drug binding rate constant [k on_TNF/Drug ] at a constant TNF/drug unbinding rate constant [k off_TNF/Drug ]) leads to more efficient neutralization of TNF and higher bacterial levels in a granuloma (Fig. 2D, 2E ). However, behavior of a class 3 drug is more complex. As detailed in Materials and Methods, an sTNF molecule with one, two, or three drug molecules bound is considered neutralized and unable to trigger TNF-mediated cell responses. Increasing binding rate constants for large values of the unbinding rate constant enhances the neutralizing power of a class 3 drug as compared with a class 2 drug (Fig. 2D) . However, at very high affinities (large values of binding rate constant and small values of unbinding rate constant), particularly if drug concentration in tissue is not sufficiently high, multivalent binding of a class 3 drug to TNF can limit drug availability for binding to free (unbound) TNF (similar to other physical situations involving multivalent binding) (58) . This can reduce the neutralizing power of a class 3 drug as compared with a class 2 drug of the same affinity (Fig. 2E) .
Furthermore, at a constant, moderate affinity for TNF (K d_Drug = 2 3 10 29 M), drugs with greater binding rate constants can more efficiently neutralize TNF, resulting in higher bacterial levels (Fig. 2F) . This is because drugs compete with cell surface TNFRs for binding to sTNF, and thus a drug with a greater binding rate constant can neutralize larger amounts of sTNF. Larger values of the binding rate constant for class 2 and 3 drugs also favor mTNF neutralization before it is released as sTNF and diluted in extracellular spaces. Considering only differences in TNF binding properties, and assuming similar constant blood concentrations and vascular permeability coefficients, we can predict bacterial levels in granulomas treated individually with etanercept (class 2), infliximab (class 3), or adalimumab (class 3) (see stars in Fig. 2B, 2C ). Higher bacterial levels are predicted to occur for treatments with infliximab and particularly adalimumab in comparison with etanercept, suggesting that the TNF binding properties of these drugs contribute to the observed clinical differences in TB reactivation rates.
Differences in both blood drug concentrations and permeabilities into lung tissue can explain differential rates of TB reactivation
We next assess the role of blood drug concentrations and drug permeability into lung tissue in determining bacterial levels in a granuloma. For blood drug concentrations, we use drug-specific data on the average blood concentrations of etanercept, infliximab, and adalimumab that correspond to drug doses administered Table II ). At all values of vascular permeability coefficient k c within the range of 10
29
-10 26 cm/s, both infliximab and adalimumab treatments led to statistically significantly higher bacterial levels compared with etanercept (Fig. 3A) . This is consistent with data indicating a higher risk of TB reactivation from Ab-type drugs as compared with the TNF receptor fusion protein (20, 21) . Tissue/blood concentration ratios for most Abs are reported to be in the range of 0.1-0.5 (50), corresponding to vascular permeability coefficients of ∼10 28 -10 27 cm/s. Our simulations predict that this range for vascular permeability is sufficient for infliximab (and also adalimumab), but not for etanercept, to exert their maximal effect on TNF neutralization in lung at reported blood concentrations of these drugs (Fig. 3 , Supplemental Videos 1-5). For example, at small permeability coefficients (k c = 1.1 3 10 28 cm/s) that lead to only 10% permeability of etanercept into tissue, the amount of available TNF in a granuloma is still sufficient to maintain bacterial levels within the range observed in the absence of drug (Fig. 3A,   3C ). However, this same level of drug permeability can result in an approximately 5-to 9-fold increase in bacterial levels in the case of infliximab and adalimumab (Fig. 3A, 3E ). This prediction supports data suggesting that different permeabilities of TNF inhibitors into lung tissue and TB lesions contribute to differential effects on exacerbation or reactivation of TB (25, 26) .
Infliximab-induced apoptosis and cytolysis are not key factors for impairing granuloma function
Ab-type drugs such as adalimumab and infliximab can cross-link mTNF, leading to cell death via apoptosis or CDC (27, 32) . We test the impact of drug-induced cell death on immunity to M. tuberculosis by comparing simulation results for infliximab with and without its ability to induce apoptosis and CDC (Fig. 4) . Fig. 4A shows that the ability of infliximab to induce cell death does not have a strong effect on controlling bacterial levels in a granuloma. Over a wide range of values governing induction of apoptosis or CDC (i.e., t death_Drug , threshold for induction of apoptosis or CDC) Sequential binding of drug to sTNF and mTNF is only relevant to class 3 TNF-neutralizing drugs.
c When a membrane-bound molecule releases to the extracellular space (i.e., the microcompartment occupied by the cell), or when a soluble molecule binds to the cell membrane, a scaling factor (r/N av ) is required, where r is the cell density in the microcompartment and can be computed as (dx) 23 assuming that each microcompartment is a cube of side dx, and N av is the Avogadro's number. and at both low and high drug permeabilities, bacterial numbers remain similar to those when drug is present but its apoptotic and cytolytic capabilities are removed. To clarify the mechanism behind this finding, we identify immune cell types and states that are influenced by drug-induced mTNF-mediated cell death.
Both TNF (via binding TNFR1 and inducing apoptosis) and infliximab (via binding mTNF and inducing either apoptosis or CDC) can lead to T cell death. Most T cell death within a granuloma is, however, due to apoptotic and cytolytic activity of infliximab, rather than due to the TNF/TNFR1 signal (Fig. 4B) . The ability of infliximab to induce apoptosis and cytolysis contributes only slightly, at high permeabilities, to death of activated macrophages (Fig. 4C) . Activated macrophage and T cell loss have negative effects on granuloma function, as they contribute to bacteria killing. However, we also see a statistically significant increase (at high drug permeabilities) in infected and chronically infected macrophage death (Fig. 4D ) when the drug is given cytolytic and apoptotic ability. When infected and chronically infected macrophages are killed, a fraction of intracellular M. tuberculosis may also be killed, a positive effect on granuloma function that compensates for a loss of T cells and activated macrophages. Thus, our predictions do not support hypotheses that assign a key role to apoptotic and cytolytic activities of Ab-type TNF-neutralizing drugs in determining their ability to reactivate TB, although we do confirm a significant reduction in T cell levels as a result of anti-TNF Ab (e.g., infliximab) treatments reported in the literature (32, 59 ). This finding does not dismiss the importance of T cells as key immune cells in immunity to M. tuberculosis. However, it suggests that a TNF inhibitor that has TNF binding properties and the same blood concentration as infliximab can impair granuloma function independent of its apoptotic and cytolytic activities.
Pharmacokinetic fluctuations in blood concentration of infliximab do not significantly alter granuloma function
Using our model, we can assess the impact of PK fluctuations in blood concentrations of drugs. We follow the PK model for RA patients presented by St. Clair et al. (39) as the blood concentration/time profile for infliximab following i.v. administration (see Materials and Methods for details on drug transport from blood into tissue). As shown in Fig. 5A and 5B, fluctuations of approximately two orders of magnitude in blood concentrations of infliximab result in significant fluctuations in the average drug concentration in a granuloma. As expected, smaller vascular permeabilities lead to smaller concentrations of infliximab in lung tissue as well as smaller peak/trough ratios of infliximab concentration in a granuloma. At low permeabilities, fluctuations in the blood concentration of infliximab can lead to fluctuations in the number of bacteria in a granuloma (Fig. 5C ). At high permeabilities, the concentration of infliximab in a granuloma is www.jimmunol.org above a threshold that leads to uncontrolled growth of M. tuberculosis, and thus fluctuations in blood concentration have no significant effect on bacterial levels (Supplemental Videos 6, 7). In addition to blood concentration fluctuations, we also analyze the influence of infliximab half-life in granulomatous tissue on granuloma outcomes. Our analysis shows comparable bacterial numbers among simulations using different values of tissue half-life of the drug within the range of 4-12 d (Fig. 5D) . Overall, our model suggests that PK fluctuations in blood concentration and half-life of infliximab in granulomatous tissue are not major factors in TB reactivation, as the effect of infliximab on granuloma function may persist at a longer time scale, enhancing bacterial replication. This finding highlights the importance of biological half-life of infliximab, rather than serum half-life, in driving TB reactivation.
Immune factors that affect granuloma function in the presence of TNF inhibitors
We perform sensitivity analysis on our model to identify host and bacterial factors that most influence different granuloma functional outcomes, including bacterial levels, amount of caseation, granuloma size, and TNF concentrations in tissue in the presence of two TNF inhibitors, infliximab and etanercept (Fig. 6 ). Of the cellular/ tissue scale processes we explored (see previous work in Ref. 8) , mechanisms that most influence granuloma outcomes for both drugs are: chemokine degradation, a chemokine concentration threshold for recruitment of IFN-g producing T cells, the ability of T cells to migrate through a dense macrophage network surrounding bacteria and infected macrophages at the core of a granuloma, and the intracellular growth rate of bacteria (see Fig. 6 , and Supplemental Tables I and II for correlation coefficients and p  values) . However, our analysis predicts that TNF-associated parameters (operating at the molecular scale) that significantly influence granuloma outcomes differ between the drugs. For example, apoptosis and macrophage TACE activity are important mechanisms operating during infliximab treatment. This follows from the impact that these processes have on infliximab-induced apoptosis of infected macrophages, a process that can aid bacterial killing. TNF-induced NF-kB activation is an important determinant of granuloma function during etanercept treatment in which TNF concentration in a granuloma, in contrast to infliximab treatment, is still high enough to activate macrophages.
Discussion
A major complication of anti-TNF immunotherapy is an increased risk of granulomatous disease, particularly the reactivation of latent TB. The risk of TB reactivation in patients receiving mAbs (e.g., infliximab and adalimumab) is higher compared with soluble TNF receptor fusion protein (etanercept) (19) . Several hypotheses based on structural and functional differences among TNF inhibitors (reviewed in Refs. 16, [22] [23] [24] [25] [26] have been suggested to explain this observation. There are conflicting data, however, regarding the significance of drug characteristics in determining risk of TB reactivation. For example, it has been suggested that high peak blood levels of infliximab might account for its increased risk of infection compared with etanercept (16, 35) . However, adalimumab treatment with peak blood levels comparable to etanercept also leads to an increased risk of TB (35) . Furthermore, the differential ability to induce CDC in key immune cells (e.g., T cells) as a result of drug binding to mTNF has been suggested to explain differential risks of TB reactivation by infliximab and etanercept (59) . Certolizumab, which has only one TNF binding region and no Fc region, similar to etanercept, is unable to cross-link mTNF and does not activate complement, yet it significantly increases the risk of TB (19) . The experiments required to fully evaluate these various hypotheses, that is, a comprehensive experimental analysis of the effect of each of these drug characteristics, alone and in combination, on the immune response to M. tuberculosis, are at present very difficult. Indeed, some of the controversy about reactivation mechanisms may stem from different animal systems within which these data were generated. To begin to address these challenges, we use a systems biology approach. Our computational model links dynamics of molecular scale drug/TNF/TNFR interactions that occur on second to minute time scales to cellular/ tissue scale events that control the long-term immune response to M. tuberculosis at the level of a granuloma. Computational models can be used together with experiments as tools to unravel important mechanisms underlying drug-induced TB reactivation at the granuloma scale. The detailed consideration of molecular scale processes such as synthesis, diffusion, receptor binding, and intracellular trafficking of TNF, as well as TNF/drug molecular interactions during the spatially and temporally dynamic process of granuloma formation, distinguishes this model from our previous study on the effect of anti-TNF treatments on host defense against M. tuberculosis (26). Whereas TNF neutralization has been simulated by Marino et al. (26) by depleting or deleting fractions of available sTNF and/or mTNF at the cellular scale, this work studies the effects of TNFneutralizing drugs directly by incorporation of their mTNF and/or sTNF binding kinetics and stoichiometry at the molecular scale. Thus, we focus in this study on elucidating molecular and pharmacokinetic characteristics of TNF-neutralizing drugs that impair FIGURE 6 . Sensitivity analysis results for the effect of cellular/tissue scale and TNF-associated molecular scale parameters on model outcomes in the presence of TNF-neutralizing drugs: etanercept and infliximab. Important cellular/tissue scale parameters are identified to be: chemokine degradation rate constant (d chem ), probability of T cell moving onto a macrophage-containing location (T moveM ), TNF/chemokine concentration threshold for T g recruitment (t recTgam ), probability of T cell recruitment (T recr ) and intracellular M. tuberculosis growth rate (a Bi ). Important TNFassociated parameters include: sTNF degradation rate constant (d TNF ), mTNF synthesis rate for macrophages (k synthMac ), mTNF synthesis rate for T cells (k synthTcell ), TACE activity rate constant for macrophages (k TACEMac ), equilibrium dissociation constant of sTNF/TNFR1 (K d1 ), apoptosis rate constant (k apop ), rate constant for TNF-induced NF-kB activation in macrophages (k NF-kB ), and cell surface sTNF/TNFR1 threshold for TNF-induced NF-kB activation (t NF-kB the function of a granuloma during anti-TNF therapy. The major finding from the cellular scale study was that bioavailability of TNF following anti-TNF therapy is the primary factor for causing reactivation of latent infection. This result is consistent with findings from our molecular scale study that highlights the importance of TNF bioavailability as a factor that is controlled, for example, by drug permeability into granulomatous tissue. We also find that the ability of a drug to bind mTNF is a main factor impairing the ability of the granuloma to control bacteria load. Drug binding to mTNF has already been suggested to be important for inducing TB reactivation. However, this suggestion has been motivated by a hypothesis that drug binding to mTNF induces cytotoxicity in key immune cells (e.g., T cells), impairing immunity to M. tuberculosis (59) . Although our model confirms the importance of T cells as key immune cells in immunity to M. tuberculosis (7, 8, 36) , it predicts that a drug capable of binding to mTNF, even if unable to induce cell death, is generally much more able to induce reactivation of TB compared with a drug that only binds sTNF. This finding may have implications for development of drugs that block sTNF for therapy of inflammatory diseases. Furthermore, the ability of a TNF inhibitor to induce TB reactivation not only depends on the affinity of a drug for TNF, but also on the TNF/drug binding kinetics.
We used published data on TNF binding properties for three commonly used TNF inhibitors to predict their impact on granuloma function. Our findings suggest that TNF/drug binding kinetics are sufficient to explain why adalimumab is more potent than etanercept in TB reactivation. Regarding TNF binding/unbinding kinetics, infliximab leads to slightly higher bacterial numbers than does etanercept. This suggests that factors in addition to TNF/ drug binding kinetics must account for the significant increase in risk of TB induced by infliximab. Our simulations, consistent with some experimental data (25) , suggest that blood concentrations and vascular permeabilities of infliximab and etanercept are those critical factors. Our work does not support hypotheses that consider apoptotic and cytolytic activities or large fluctuations in blood concentration of infliximab as the most important factors in driving TB reactivation by this drug.
Our model can be used as a tool to investigate how varying molecular properties and PK characteristics of TNF-neutralizing drugs may affect immune cell behaviors and thus granuloma function. Furthermore, model findings might be tested using nonhuman primate models of TB; nonhuman primates show immune responses more similar to humans than do mouse models (4, 60) . Design of novel agents that neutralize sTNF but have no effect on mTNF may reveal the importance of mTNF binding in determining drugs' abilities to induce TB reactivation. Furthermore, if anti-TNF Abs are engineered to modulate their TNF binding kinetics and apoptotic activities, we should be able to verify our model predictions about the relative importance of these factors in determining the outcome of infection. To test the importance of pharmacokinetic fluctuations, TNF neutralization experiments could be performed under different dosing regimens that lead to the same average blood concentrations and outcomes then can be compared.
Finally, our approach enables us to determine both TNFindependent cellular/tissue scale events and TNF-associated molecular scale processes that significantly influence granuloma function during treatment with anti-TNF drugs. These processes can be studied as potential targets for therapy and control of TB reactivation induced by anti-TNF treatments. Our key findings also suggest characteristics of suitable anti-TNF drugs for treatment of inflammatory diseases. Furthermore, our multiscale computational model can be used as a template for studying the effects of other immunomodulatory drugs, as it enables us to combine PK analysis with drug/target interactions at the molecular scale that manifest as cellular/tissue scale responses.
